The introduction of multidisciplinary approach with chemo and radiotherapy, the advances in surgical and the improvements of diagnostic techniques allowed limb salvage surgery in most cases of bone sarcomas instead of amputation. Modular megaprostheses are the most common method of reconstruction after segmental resection of the long bones in the extremities for their availability, immediate fixation, early weight bearing, good function. Despite the advances in materials and implant designs, these systems have an high incidence of complications. Aim of this study was to report the experience on mega-prostheses implanted around the knee in tumor and revision surgery to analyze: the most frequent used current systems, the problems of stems fixation, extensor mechanism reconstructions in proximal tibia resections and the preservation of growth of the lower extremity in children. (www.actabiomedica.it)
O r i g i n a l a r t i c l e
Background and aim of the work
The introduction of multidisciplinary approach with chemo and radiotherapy, the advances in surgical and the improvements of diagnostic techniques allowed limb salvage surgery in most cases of bone sarcomas instead of amputation (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) .
Reconstruction techniques following limb salvage include massive allografts or allograft-prosthetic composites, endoprostheses, rotationplasty and arthrodesis (10) (11) (12) (13) .
Modular megaprostheses have been used more frequently in the last three decades and are now the most common method of reconstruction after segmental resection of the long bones in the extremities for their availability, relative ease use, immediate fixation, early weight bearing, relatively rapid restoration of function and excellent cosmetic appearance (1, 6, 9, 14) .
Despite the advances in materials and implant designs occurred over the years, these systems have an incidence of complications and failures higher than conventional implants, making revision surgery relatively frequent (1, 7, 9, 10, (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . Many factors are related to the high incidence of complications such as immunosuppression due to chmotherapy, extensive bone and soft tissues resections, longer operative time and general patient condition.
Aim of this study was to report the experience on mega-prostheses implanted around the knee in tumor and revision surgery to analyze: the most frequent used current systems, the methods of stems fixation, the types and incidence of failures, the problem of extensor mechanism reconstructions and the growth of the lower extremity in children.
Types of prostheses
Several types of megaprostheses implants are currently available for limb salvage surgery and the follow are the most frequently used: the GMRS®, the Mu-tars®, the Compress®, the Stanmore®, Exactech® (7, 10, (14) (15) (16) (27) (28) (29) (30) (31) (32) (33) .
The Kotz Modular Femur-Tibia Reconstruction system (KMFTR®, Howmedica Modular Reconstruction System, Stryker, UK) was one of the first modular fixed-hinge knee system, introduced in 1982 (23, (27) (28) (29) .
The diaphyseal anchorage of the system was provided by an intramedullary stem with two lateral flanges with three holes for totally six screws through the stem and the cortex (23) . Most of these implants had a progressive wear of the polyethylene bushings with subsequent loosening and the nearest hole for cross screw fixation was the most frequent site of stem breakage (29, (34) (35) (36) .
Mittermayer et al. (23) reported the long-term results of 100 patients: the most common reason for failure in their series was aseptic loosening in 27% of patients.
In 1988, the design of KMFTR® was revised in the fixed-hinge Howmedica Modular Reconstruction System (HMRS®, Howmedica Modular Reconstruction System, Stryker, UK); it incorporates an anatomical femoral stem with one lateral flange (to reduce the stress-shielding effect), a new hinge design and a new generation polyethylene (10, 27-29, 34, 35, 37) .
Both these fixed-hinged knee prostheses were associated with abnormal kinematics and excessive stress to the prosthesis and bone interface (29) (30) (31) 38) .
We reviewed the results on 669 patients treated with resection and reconstruction using modular fixedhinge KMFTR® and HMRS® megaprostheses between 1983 and 2006 (27) .
Overall 4.8% prostheses broke and required revision; breakage occurred in 10.5% KMFTR® prostheses and in 3.5% HMRS® prostheses with a statistically significantly higher survival to breakage was for the HMRS® prostheses (p=0.008) (27) .
Aseptic loosening was lower in HMRS® prostheses (4.9%) than in KMFTR® (9.6%) but a difference in survival to this complication between the two types of implants was not observed (p=0.654).
In our experience, even if with we know the risk of this complications, the HMRS® prostheses is still indicated for knee stability in patients with extensive quadriceps muscle excision (39) , total femoral reconstructions, and probably elderly, debilitated and with minor muscle strength patients.
The rotating-hinge Global Modular Reconstruction System (GMRS) was the evolution of the previous HMRS® and has been available since 2003; the addition of a rotating hinge was a significant design modification that help to reduce mechanical stresses and complications at the bone implant interface (1, 27, 40) .
We reviewed our experience with 295 GMRS prostheses implanted between 2003 and 2010 (1) ; no cases of breakage of prosthetic components or peri-prosthetic fractures were observed with this prostheses (40) .
Aseptic loosening, even if lower than in fixedhinge knee series, remains a common cause of implant failure also in the current generation of implants (1, 40) .
In our series on 295 GMRS prostheses implanted in the lower limb the incidence of aseptic loosening was 5% (40) . When we analyzed the results with 247 GMRS prostheses implanted around the knee, we found a 5% incidence of aseptic loosening (1) .
The functional results were good with a mean score of 24.5/30 according to the Tumor Society score (40) .
Compressive osteointegration technology is a novel approach to reduce the high rates of osteolysis after proximal tibial and distal femoral reconstructions (30, 31, 41, 42) .
Dynamic compression fixation (Compress) of tumor prostheses aim to achieve biomechanical stable and durable implants while stimulating osseointegration and improve the long term survivorship of the implant through active osseointegration (30, 31, (41) (42) (43) (44) .
This technology was applied in the Compress Pre-Stress Implant (Biomet Inc, Warsaw, IN).
This implant utilizes spring tension with short traction bar to achieve high compressive forces at the bone-prosthesis interface, promote hypertrophy of the loaded bone, and avoid stress bypass of the host bone around a stiff intramedullary stem; these implants aim to provide stabilization without the need for long-stem fixation with the benefits of decreased stress shielding, diminished particle-induced osteolysis, and increased osteointegration at the bone implant interface (44) (45) (46) .
A common complication of this implant is aseptic loosening that is different from that seen with other implants since bone ingrowth failed despite the continuously adjusting compression generated by the Belleville washers in the compression chamber (44) .
A second, related unique finding was fracture or crumbling of the underlying bone between the anchor plug and the spindle. The Stanmore prosthesis has the longest clinical history and was first implanted in 1949, it is a custom made prosthesis, initially with cemented fixation but since 1991 a cementless version has been available with a hydroxyapatite-coated titanium stem (47) (48) (49) .
The shaft and intramedullary stem were made from titanium alloy (Ti 318 [Ti-6Al-4V]); the hinge of the knee joint is rotating (Stanmore Modular Individualised Lower Extremity System, SMILES) made from cast cobalt-chromium-molybdenum alloy (50).
Unwin et al. (48) reviewed 1001 patients treated since 1993; in this series the principal cause for failure was aseptic loosening with a rate of 9.9% in the distal femur, 6.5% in the proximal tibia and 2.3% in the proximal femur.
Coathup et al. (50) analyzed the results of 61 reconstructions with a cemented distal femoral endoprosthesis with a hydroxyapatite coated collar performed at the Royal National Orthopaedic Hospital (RNOH) in Stanmore. They demonstrated that at the ten-year follow-up interval, 66% of patients had an osteointegrated collar and a radiographic evidence of osteointegration of the collar was observed in 70% of patients over a two to eighteen-year follow-up period. Their study showed a low rate of revision due to aseptic loosening (8%) with a survival rates to aseptic loosening in their series was 93.7%, 88.9%, at five, ten ten years, respectively (50).
MUTARS® system (Modular Universal Tumour And Revision System, Implantcast, Buxtehude, Germany) was introduced in 1995. The intramedullary stem is curved to follow the anterior bow of the medullary cavity of the femur and can be inserted press-fit or cemented. The stem has an hexagonal cross section and is made of titanium alloy (TiAl6V4) in the cementless version and of CoCrMo alloy in the cemented version (19, 49) . The hexagonal-shaped design of the stem should provide good rotational stability reducing loosening rates and less stem breakage (7) .
Gosheger et al. (7) reported the results in 250 cases of Mutars prostheses replacement; they reported and incidence of complication in line with the literature: 12% of deep infection, 8% aseptic loosening and 1.6% stem fracture; the MSTS functional results were good and ranged between 63% to 83% according to the Tumor Society score (7) .
Heisel et al. (49) reported their experience in more than 100 cases of MUTARS system; in their series the main complication were aseptic loosening (22%) and deep infections (12%). They looked at different variables influencing the incidence of aseptic loosening, but all showed no significant influence. No fractures around the bone-prosthesis junction occurred (49) .
Stem fixation: cemented or press-fit
The mode of stem fixation, cemented vs uncemented, is of remarkable importance. Cemented stems have been reported in most of the literature as having an higher rate of aseptic loosening (13, 23, 25, 26, 41, 51) .
In literature there is no clear support regarding one method of fixation vs another and it remains unclear whether cementless tumor prostheses have comparable survival and complications with cemented prostheses (13, 14, 23, 26, 41, 52) .
Cementless fixation may be advantageous because of bone in-growth surface that may lead to a low aseptic loosening rate (13, 36) .
Press-fi t stems have been constructed of varied shapes (eg, fluted, fenestrated) and textures (eg, gritblasted, porous-coated, beaded) with the aim of obtain osteointegration into the surrounding bone (41) .The introduction of hydroxyapatite (HA) and HA-tricalcium phosphate stem coatings potentiates osteogenic adhesion to metallic surfaces and has positively impacted tumor endoprosthesis fixation and survival (41) .
When utilizing uncemented stems, provisional rotational stability needs to be addressed in order to provide initial constraint and allow for osseous ingrowth (36, 41, 53) .
Current systems utilize various methods to reduce rotational stresses, including anti-rotational fins, hexagonally shaped stems, fixation plates, and spring tension to achieve high compressive forces (7, 17, 19, 23, 30, 31, 42, 46) We retrospectively studied 232 patients treated with modular prostheses between 2002 and 2007; cemented stem fixation was done in 124 (53.4%) cases and cementless in 108 (46.6%) cases (13) .
In this series the overall survival and survival to infection is higher for cementless than cemented stem fixation but survival to aseptic loosening is not different between the two types of stems fixation (13) .
We recommended cemented fixation in patients with bone metastases, extensive osteolytic defects such as hemoproliferative lesions, patients with a poor prognosis, and older patients to be bear full weight immediately. In younger patients and in primary bone tumors we recommended cementless fixation (13) .
Types of failures
Despite the advances in materials and implant designs occurred over the years, these systems have an incidence of complications and failures higher than conventional implants, making revision surgery relatively frequent (1, 7, 9, 10, (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) .
In 2011 Henderson et al. (20) published the new classification of failure in megaprosthesis; this classification included five types of failure: soft tissues failure (Type 1), aseptic loosening (Type 2), structural fracture (Type 3), infection (Type 4), and local tumor recurrence (Type 5).
Soft-tissue failures are defined as functional deficiencies of the soft-tissue attachments about the implant that require re-operation (20,41) These failures may be due to disruption or incompetence of periarticular ligamentous and tendinous restraints that lead to instability or failure of incorporation or ingrowth of host tendons to the endoprosthesis. In the multicentric study reported by Henderson et al. (20) , soft-tissue failures accounted for 12% of all failures, with an absolute incidence of 2.9%. It was most common around the shoulder and hip, where soft tissue is critical for joint function and stability.
Aseptic loosening remains a major problem after prosthetic replacement of large bone defects; in the literature the incidence range between 4.9% and 9.6% (1, 14, 23, 25, 27, 42, 51, 52) .
The incidence depends on the reconstruction site, with the highest rates of loosening in distal femoral replacement (7, 23) .
The shape of the distal femur stem is important; anatomically curved femoral stems are reported to achieve a long press-fit stem anchorage (7, 10, 23).
Gosheger et al. (7) suggest preparing the medullary cavity with a hexagonal rasp and implanting the HA-coated titanium stem led to good primary rotation stability and excellent secondary osseointegration.
In contrast to constrained prostheses, using the rotating-hinge mechanism for the knee prostheses, rotational stress is resorbed mainly by the joint instead of the stem, reducing the risk of aseptic loosening (1, 7, 23, 54) .
In the meta analysis of the literature published by Henderson et al. (20) , the rate of breakage of the prosthetic component (Type 3 failure) in distal femur reconstruction was 6.3%, whereas in the proximal tibia, the range in the literature was between 2% and 12% (7, 14, 17, 42) . In our series of megaprostheses around the knee, breakage of the prosthetic component did never occurred (1) .
Infection
Complex arthroplasty and reconstruction procedures, large implant sizes, greater surgical exposure, extensive resection of bone and soft tissues, lack of soft tissue cover, long operating times, immunosuppression caused by chemotherapy, radiotherapy and anemia are the major factors related with higher infection rates of tumor prostheses compared with conventional arthroplasties performed for arthritis (10, 14, 21, 22, 31, 42, 55, 56, 57) . In the literature, infection has been reported to be the most common mode of failure in megaprostheses, ranging between 5% and 40% (7, 14, 18, 20, 21, 22, 40) . The risk of secondary amputation due to the persistent of infection is between 23.5% and 87% (17, 21, 37, 51, 55, 61) .
Staphylococci are the most common pathogens involved in prosthetic joint infections (approximately 50% of infections overall), followed by streptococci, enterococci, Enterobacteriaceae species, Pseudomonas aeruginosa, and anaerobe species (21, 55) .
Multiple pathogens may be isolated in approximately 25% of cases, with the most common combination of coagulase-negative Staphylococcus and group-D Streptococcus (21) .
Prosthetic joint infections have been classified as: post-operative (occurring within 4 weeks after the operation), early (occurring between 4 weeks and 2 years after the operation), late (occurring after two years) (55) .
One-stage revision included debridement of the joint, change of modular components, retaining the prosthetic stem, prolonged antibiotic therapy (58, 59) . One-stage revision has been recommended for patients with early or low-grade infections, caused by low-virulence microorganisms, patients with a short duration of symptoms and early diagnosed infection and high antibiotic-sensitive pathogens, well-fixed implants, poor general condition of the patient, and long delay of chemotherapy (18, 22, 55) .
Two-stage revision of infected tumor prostheses included the complete removal of all prosthetic components (including the stems), antibiotic-loaded cement spacer and long timeuse of systemic antibiotics (55, 58) . Two-stage revision is recommended for patients with persistent, higher-grade infections, extensive osteolysis with megaprosthesis loosening and bone loss, poor soft tissue envelope, antibiotic-resistant pathogens, and a failed one-stage procedure (55, 60) . After a long period of administration of systemic antibiotics (up to 6 weeks postoperatively), a second stage surgery for reimplantation of a new prosthesis, 2 or more months later is performed (55, 61) .
From 1983 to 2010, 1161 patients underwent megaprosthesis reconstruction at the authors' institution after limb salvage surgery for a sarcoma; among these, 100 patients (8.6%) had infection at a mean time of 3.7 years. The most common microbial isolate was Staphylococcus epidermidis followed by S. aureus, Pseudomonas spp and multiple isolates (61) .
The overall prevalence of infection was higher for late (6.3%) than for early (1.4%) and acute (0.9%) infections. Proximal tibia megaprosthesis reconstructions are the most common site of infection (27 of 226; 11.9%) than other sites (61) .
Most cases were treated with Two-stage revision (83 cases), one-stage revision was performed only in 12 cases, and amputation as first treatment in 5 cases (61) .
Resolution of infection was provided in 75% of infections, however, amputation was necessary as the first treatment or after persistence or recurrence of the infection in 21% of the patients with infected megaprostheses. The survival rate is higher for ce-mentless megaprosthesis reconstructions and no different with respect to the type of the tumor, type of megaprosthesis, and administration of adjuvant treatments (61) .
The severe consequences of infection underline the importance of prevention infection. For this reason, several methods have been devised to decrease the risk of contamination and colonization of the implant; these included hygienic pre cautions, the development of hydrophilic materials to minimize bacterial adhesion, and impregnation with antiseptics and an tibiotics.
Among metals with antimicrobial activity, silver has raised the interest of many investigators because of its good antimicrobial action and low toxicity (62) .
Silver compounds are poorly water soluble, resulting in low concentrations of silver ions released into the surrounding tissue and blood, therefore local or systemic side-effects were not observed (62, 55, 56) .
Silver-coated megaprostheses have been introduced in musculoskeletal oncology surgery considering the higher rate of infection than standard implants (63, 64) .
In Mutars megaprostheses silver coating was applied to the titanium-vanadium by galvanic deposition of elementary silver (with a percentage purity of 99.7%) onto the surface of the prostheses. Additionally, a layer of gold 0.2 mm thick between the titanium-vanadium surface of the prosthesis and the silver coating was designed to allow sustained release of silver ions into the periprosthetic tissue. No silver coating was applied at the articulating surfaces or prosthetic stems (57) .
Schmolders et al. (64) analyzed the results in 100 patients treated with a silver-coated tumor megaprosthesis; they concluded that megaprosthetic joint infection in silver-coated implants is lower compared to non-silver-coated implants.
Donati F. et al (63) retrospectivly reviewed 68 proximal femur reconstructions with modular prostheses comparing silver-coated MUTARS hip hemiarthroplasty (55.9% of cases) with uncoated titan MUTARS modular tumor hip prosthesis (44.1% cases). This study confirmed the protective role of silver coating compared with standard titan megaprosthesis, especially in the first 6 months after surgery; they observed that the silver coating has partially lost his full effect by the time, due to his physiological mechanical erosion; it could explain why infection risk between silver-coated prostheses and titan one is comparable for late infection (63) . Furthermore no significant local or general signs of toxicity secondary to silver ions exposition were reported (63) .
However the economic factor has to be considered; silver coated megaprostheses are 5-7% more expensive than the other tumor prostheses but considering considering the decrease in the period of hospitalization and in revision surgeries for infection it could be a good choice of implant (62, 63) .
The problem of extensor mechanism reconstruction in proximal tibia
Proximal tibial megaprosthetic reconstructions have been related with the least favorable outcome and highest rate of complications of all limb salvage procedures (65) (66) (67) (68) .
The problems in proximal tibia reconstructions are related to the relative lack of wound coverage and unreliable options for extensor mechanism reconstruction. The medial gastrocnemius flap is the best choice for both reconstruction of the extensor mechanism and adequate coverage of the prostheses, which likely reduces the infection rate (1, 65, 66) .
Many studies reported various techniques for attachment of the extensor mechanism of the knee and coverage of proximal tibia reconstructions such as direct fixation of the extensor mechanism to the megaprosthesis using screws, sutures, loops and mechanical clamping, biological augmentation using hydroxyapatite coating of the megaprosthesis, or autologous bone grafting at the tendon-implant interface, artificial ligaments and synthetic materials such as polyethylene, fibula transposition, pedicled muscle flaps, and combined techniques (66) (67) (68) (69) (70) (71) (72) (73) (74) (75) .
The direct attachment of the extensor mechanism to the megaprosthesis is important to provide the initial mechanical stability needed for healing and scarring (65, 67, 68, (71) (72) (73) (74) (75) .
Artificial ligaments and synthetic materials often result in synovitis, infection, and loosening or stretching of the patellar tendon (72) . Pedicled medial or lateral gastrocnemius muscle flaps have been used to pro-vide the necessary blood supply for wound healing and biological reconstruction of the extensor mechanism, and reduce the risk of infection (65, 67, 68, 70, 72, 75) .
We reported the results of 225 proximal tibial resection and megaprosthetic and extensor mechanism reconstruction between 1985 and 2010 (66) . In most of the cases (167/225) the extensor mechanism was attached to a gastrocnemius muscle flap and approximated to the megaprosthesis without tension using non-absorbable sutures inserted through the anterior holes of the prosthesis. Direct attachment of the patellar tendon to the megaprosthesis with medial gastrocnemius muscle flap, with or without artificial ligament, was related with the less extension lag. We recommend the use of the gastrocnemius muscle flap for augmentation of the extensor mechanism and wound coverage, and augment the extensor mechanism reconstruction with synthetic materials or artificial ligament in patients with atrophic gastrocnemius muscle because of inactivity, increased age, chemotherapy, or radiation therapy (66) .
Expandable tumor prostheses in children
Primary bone tumors in children are frequently found close to the physes of long bones, most commonly around the knee. The epiphyses of the distal femur and proximal tibia contribute approximately 35% and 30%, respectively, to growth of the lower extremity (32, 33, (76) (77) (78) .
Any surgical resection in this age will cause a limb-length discrepancy from continued growth of the contralateral lower extremity resulting in gait disturbances, low back pain, and cosmetic effects on the shortened leg (32, 33, 78) .
Complete tumor resection, avoidance of the limb length discrepancy, and good functional outcome are the main goals of tumor surgery in children.
We present 32 children with bone sarcomas of the femur treated with limb salvage and reconstruction using three types of expandable prostheses between 1996 and 2010. We used the minimally invasive open procedure lengthening Kotz Growing prosthesis (KM-FTR; Howmedica Modular Reconstruction System, Stryker, UK) in 10 children; the Repiphysis (Wright Medical Technologies, Arlington, TN) or Phenix Prosthesis (Phenix Medical, Paris, France) was used in 15 children; the Stanmore custom-made prosthesis (Extendable Mark V, Stanmore Implants Worldwide, Stanmore, Middlesex, England, UK) was used in 7 children (33) .
The first models required open lengthening procedures, with the patient under anesthesia, and lengthening was performed by introducing a spacer Open lengthening procedures for the invasive lengthening were accompanied by the risk of ankylosis, nerve damage, and infection (79, 80) .
The noninvasive lengthening expandable prostheses such as the Repiphysis or Phenix Prosthesis and the Stanmore prosthesis were designed for using an external electromagnetic or rotating magnetic field, aiming to minimize the risk of complications because of open lengthening procedures (32, 33, (81) (82) (83) .
In the Stanmore prostheses the expansion is achieved by electric current that produces a rotating magnetic field, which is captured by a magnet within the implant and extends a gearbox (32, 33, 48, 82) .
Aseptic loosening has been the common mode of failure of expandable prostheses due to circumferential or appositional bone growth that results in widening of the bone and the intramedullary canal with consequent loosening of the prosthesis (32, 33, 48, 76, 78, 81, 82) .
Neurovascular compromise is minimal if lengthening is <20 mm (81) .
To avoid joint stiffness, small lengthening of 6 to 10mm per procedure, rehabilitation to address flexion contractures, have been recommended (84) .
In our series the survival of the Repiphysis prostheses was 32% at 72 months thereafter, all Repiphysis prostheses failed. The survival of the Stanmore prostheses was 100% at 48 months. The difference in survival to failure between the 3 types of primary expandable prostheses was statistically significant (logrank test, P=0.030) with better survival for Stanmore prostheses (33) .
The mean total lengthening of the expandable prostheses was 28mm that was achieved by a total of 84 planned procedures. Nine of the 26 children who were still alive reached skeletal maturity; 3 of these children had limb-length equality and 6 had limblength discrepancy of 15 to 30 mm.
In children with noninvasive prostheses, we opted for small lengthenings of 4 to 10 mm at each follow-up examination. On the tibial side, we use of a smooth non cemented intramedullary stem placed through the center of the physis to anchor the prosthesis without bone ingrowth that might interfere with the growth plate and create further limb shortening or angular deformity of the tibia. Because of the cost and high rate of implant-related complications, we do not use expandable prostheses in children with expected growth remaining <2 cm and adolescents. In these cases, we are in favor of the standard adult-type megaprosthetic reconstructions, with or without contralateral epiphysiodesis, as necessary, with excellent results (33) .
Conclusions
With regard to the published studies, the support of one specific system is not possible. Surgeons should choose systems with which they are familiar and provide the modular options needed intraoperatively to bridge any defects of the lower limb. The addition of the rotating hinge for the knee was a significant design modification that help to reduce mechanical stresses at the bone implant interface that can cause loosening or fractures. In literature there is no clear support regarding one method of stem fixation (cemented vs press-fit) but cementless fixation seems to improve the bone in-growth that may lead to a low aseptic loosening rate. Despite the advances in materials and implant designs, these systems have an high incidence of complications and infection has been reported to be the most common mode of failure in megaprostheses. Some studies confirmed the protective role of silver coating implants with no significant local or general signs of toxicity secondary to silver ions exposition. In proximal tibia reconstructions we recommend the use of the gastrocnemius muscle flap for augmentation of the extensor mechanism for wound coverage and reduce the risk of infection. In children the noninvasive lengthening expandable prostheses are the key to avoid leg length discrepancy of the lower extremity. Multicentric cooperative studies are the key to further progress.
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